Introduction {#s1}
============

The members of the Coronaviridae family cause mild respiratory disease, and infection with these viruses can be transmitted between humans ([@B1]). Severe acute respiratory syndrome coronavirus (SARS-CoV) is transmitted from animals to humans, leading to severe respiratory diseases in individuals ([@B2]). SARS was discovered in Guangdong Province, China, in 2002 ([@B3]). Chinese bats serve as the natural reservoir hosts of SARS-CoV-2 ([@B4]). The human transmission of SARS-CoV requires intermediate hosts, such as animal food sources, including pangolin and cats ([@B5]). No specific antivirals or effective vaccines are available to treat or prevent SARS. In 2002 and 2003, the SARS pandemic was controlled by travel restrictions and patient isolation.

Recently, a new virus strain from the same virus family was discovered in Wuhan, Hubei Province, China, that causes coronavirus disease 19 (COVID-19) ([@B6]). It has been suggested that the human transmission of this strain was linked to the Hunan seafood market. The infection is very contagious and results in the development of the disease and fatalities ([@B7]). SARS-CoV-2 is closely related to SARS-CoV, and COVID-19 has been described as a new lung disease ([@B8]). Infections have also been detected in several countries globally and are linked to international travel. Elucidating the mechanisms through which the virus gains entry into target cells and how this process can be inhibited would allow the development of new therapeutics or vaccines to rapidly curb the ongoing pandemic. A significant number of clinical trials have been started to explore potential therapeutic strategies for COVID-19 to identify as quickly as possible high-quality efficient treatments to stop the ongoing pandemic. Here, we present a brief overview of the SARS-CoV infection mechanism and potential strategies to prevent virus entry along with the effects of infection, such as inflammatory cytokine storms, on lung injury. We discuss some published data and the mechanism of the ongoing clinical trials.

Mechanism of SARS-CoV Cell Infection {#s2}
====================================

Basically, the entry of coronavirus is mediated by the interaction of cellular receptor proteins and the S1 unit of the viral spike (S) protein, which, in turn, promotes viral attachment to the target cell surface. Furthermore, viral attachment requires cellular proteases to prime the S protein, which entails its cleavage at the S1/S2 and S2\' sites, resulting in the fusion of the viral and cellular membranes. It has been shown that the S protein from SARS interacts with angiotensin-converting enzyme 2 (ACE2) as its receptor and uses the cellular serine protease TMPRSS2 to prime the S protein ([@B9], [@B10]). Additionally, it has been demonstrated that the SARS-S/ACE2 interaction favors the spread of the virus, leading to severe acute respiratory syndrome ([@B11]). ACE and ACE2 have high homology with metalloproteases that play a role in the renin-angiotensin system (RAS) to maintain blood pressure homeostasis. The renin protease cleaves angiotensinogen to generate angiotensin I (Ang I). The two C-terminal amino acids of Ang I are cleaved by ACE to generate angiotensin II (Ang II), whereas ACE2 cleaves Ang II. Ang II acts specifically through Ang II receptor type 1 (AT1R) and Ang II receptor type 2 (AT2R) ([@B12], [@B13]). ACE also degrades additional substrates such as bradykinin or apelin ([@B14]). ACE2 has been identified as the key determinant of SARS-CoV transmissibility ([@B15]). The SARS-S and SARS-2-S proteins have 76% amino acid homology. However, it is not yet clear whether SARS-2-S and SARS-S use ACE2 and TMPRSS2 for host cell binding. A recent study demonstrated that SARS-CoV-2 uses the same ACE2 receptor as SARS-CoV to enter the target cell and also uses the same cellular protease, the serine protease TMPRSS2, to prime the S protein. The study also suggested a treatment strategy based on the inhibition of S protein priming by targeting TMPRSS2 to block entry. Moreover, the study showed that sera from convalescent SARS patients cross-neutralized the S protein to block SARS-2 entry ([@B3]).

COVID-19 and Cytokine Storm Syndrome {#s3}
====================================

The antiviral response is mediated by both innate and acquired immunity, which recognize pathogen-associated molecular patterns (PAMPs) and the antigen-specific adaptive immune response. The viral response is based on the release of inflammatory mediators (cytokines, chemokines, leukotrienes, proteases, and reactive oxygen species) and on the clearance of virus through internalization and killing of the virus. Cell responses are in many ways controlled by the balance between antagonistic signals, which may affect the immune response to pathogens. The resulting balance is of great importance to prevent damage to tissues through immunopathology and to ensure the return of activated cells to a resting state. However, exaggerated and excessive synthesis of cytokines can lead to an acute, severe systemic inflammatory response known as a "cytokine storm" and cause severe damage to multiple organs ([@B16]). The cytokine profile of COVID-19 patients with differences in disease severity has been investigated, and a subset of patients with severe COVID-19 develop profound inflammation and multiorgan dysfunction that is consistent with a "cytokine storm." Recently, a large panel of cytokines (IFN-γ, TNF-α, IL-2, IL-4, IL-6, and IL-10) and C-reactive protein (CRP) have been analyzed and compared with serum samples from a control group and from COVID-19 patients. The values for cytokines and CRP were significantly higher in patients with COVID-19 than those in healthy controls. However, using univariate logistic regression analysis, only two cytokines, IL-6 and IL-10, were found to be predictive of disease severity, suggesting that a higher level of cytokine storm is associated with severe disease development. Improving the understanding of hypercytokinemia (i.e., IL-6 levels from 100 to 5,000 pg/mL) and immune dysregulation associated with COVID-19 is urgent. Investigations of different potential therapeutic strategies for COVID-19 cytokine storm syndrome are ongoing that use corticosteroids, IL-6 blockade and IL-1 inhibition ([@B17]). A series of clinical trials of IL-6 inhibitors such as tocilizumab, sarilumab and siltuximab are also underway (see [Table 1](#T1){ref-type="table"}).

###### 

Current therapeutic drugs used to treat COVID-19.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Drug**                                                                         **Description and mechanism of action**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  **References**
  -------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------
  **Inhibitors of the cellular entry of SARS-CoV-2**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  Chloroquine and Hydroxychloroquine\                                              • Antimalarial; they have been used for decades for the prophylaxis and treatment of malaria and for various autoimmune diseases\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        ([@B18]--[@B21])
  (Quensyl^TM^,\                                                                   • Inhibit the terminal phosphorylation of ACE2 and elevate the pH in endosomes.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  Plaquenil^TM^,\                                                                  • Chloroquine can inhibit the entry of SARS-CoV-2 and prevent virus-cell fusion by interfering with glycosylation of the ACE2 receptor and its binding with the spike protein, suggesting that chloroquine treatment might be more effective in the early stage of infection before COVID-19 reduces ACE2 expression and activity.\                                                                                                                                                                                                                                                                                                                                                                                                      
  Hydroquin^TM^,\                                                                  • Hydroxychloroquine exhibits an anti-inflammatory effect on Th17-related cytokines (IL-6, IL-17, and IL-22) in healthy individuals and systemic lupus erythematosus and rheumatoid arthritis patients.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
  Dolquine^TM^, Quinoric^TM^)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  Camostat mesylate (Foipan^TM^)                                                   • Developed decades ago for the treatment of oral squamous cell carcinoma, dystrophic epidermolysis, exocrine pancreatic enzyme inhibition, and chronic pancreatitis\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    ([@B22]--[@B24])
                                                                                   • TMPRSS2 protease activity as a synthetic serine protease inhibitor. In a clinical trial investigating the effects of camostat mesylate against dyspepsia associated with non-alcoholic mild pancreatic disease, 95 patients received 200 mg camostat mesylate three times daily for 2 weeks and showed only mild side effects and no severe adverse effects.                                                                                                                                                                                                                                                                                                                                                                           

  Nafamostat mesylate (Buipel^TM^)                                                 • Approved in Japan for the treatment of acute pancreatitis, disseminated intravascular coagulation and for anticoagulation in extracorporeal circulation\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               ([@B19], [@B25], [@B26])
                                                                                   • TMPRSS2 protease activity: clinically proven as a synthetic serine protease inhibitor. Nafamostat mesylate has been shown to inhibit MERS-CoV S protein-mediated viral membrane fusion with TMPRSS2-expressing lung Calu-3 host cells by inhibiting TMPRSS2 protease activity. It may also inhibit the cellular entry of SARS-CoV-2. In cell culture experiments with simian Vero E6 cells infected with SARS-CoV-2, Nafamostat mesylate was shown to inhibit SARS-CoV-2 infection at an EC~50~ of 22.50 μM.                                                                                                                                                                                                                           

  **Monoclonal antibodies targeting SARS-CoV entry**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

  80R, F26G19, m396, CR3014, CR3022, F26G18, m396, 201, S230                       • Binds to the conformational epitope on the S1 fragment of SARS-CoV or to the amino acid residues with high affinity on the S1 fragment of SARS-CoV.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   ([@B27]--[@B32])
                                                                                   • Blocks the interaction of the S1 subunit protein with the cellular receptor ACE2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

  **Inhibitors of the replication, membrane fusion, and assembly of SARS-CoV-2**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  Remdesivir                                                                       • A novel small-molecule adenine nucleotide analog antiviral drug synthesized and developed by Gilead Sciences in 2017 that has shown efficacy against Ebola virus in rhesus monkeys. It displays antiviral activity against other single-stranded RNA viruses, including filoviruses, pneumoviruses, paramyxoviruses, and the coronaviruses MERS-CoV and SARS-CoV.\                                                                                                                                                                                                                                                                                                                                                                     ([@B19], [@B33], [@B34])
                                                                                   • It results in the delayed chain cessation of nascent viral RNA. It potently blocks SARS-CoV-2 infection at a low range of micromolar concentrations and has a high selectivity index with an EC50 of 0.77 μM and a CC50 \> 100 μM. It acts early in infection and is metabolized into its active form GS-441524, which is an adenine nucleotide analog that interferes with the activity of viral RNA polymerase and that promotes the evasion of proofreading by viral exoribonuclease, leading to the inhibition of viral RNA synthesis.                                                                                                                                                                                             

  Lopinavir/ritonavir (Kaletra^TM^)                                                • Lopinavir was developed in 1998 to circumvent HIV resistance toward the protease inhibitor ritonavir. The combination of lopinavir and ritonavir was first established as an effective oral drug for the treatment of HIV-infected individuals when used in combination with other antiretroviral agents.\                                                                                                                                                                                                                                                                                                                                                                                                                             ([@B35])
                                                                                   • Lopinavir-ritonavir administration significantly decreased coronavirus titres, and low or no coronavirus titres were observed in the follow-up study. Another study investigated lopinavir in patients with COVID-19 receiving either lopinavir-ritonavir 400 mg/100 mg orally twice daily plus the standard of care or the standard of care alone.                                                                                                                                                                                                                                                                                                                                                                                    

  Umifenovir (Arbidol^TM^)                                                         • A small indole-derivate molecule licensed for oral prophylaxis and treatment of infections with influenza A and B viruses and other respiratory viruses that has been demonstrated to inhibit *in vitro* infection with globally prevalent pathogenic viruses, including the hepatitis C virus, hepatitis B virus, Ebola virus, Lassa virus, human herpesvirus, poliovirus, and vesicular stomatitis virus.\                                                                                                                                                                                                                                                                                                                           ([@B36])
                                                                                   • Prevents viral host cell entry by inhibiting membrane fusion of the viral envelope and the host cell cytoplasmic membrane via inhibition of clathrin-mediated endocytosis, thereby preventing virus infection.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

  Favipiravir (Avigan^TM^)                                                         • An oral pyrazinecarboxamide derivative and guanine analog.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            ([@B19])
                                                                                   • Selectively and potently inhibits the RNA-dependent RNA polymerase (RdRP) of RNA viruses (influenza A virus, flavi-, alpha-, filo-, bunya-, arena-, and noroviruses as well as West Nile virus, yellow fever virus, foot-and-mouth-disease virus, Ebola virus and Lassa virus) and induces lethal RNA transversion mutations, thereby producing a nonviable virus phenotype. A study showed favipiravir has efficacy in Vero E6 cells infected with SARS-CoV-2 with an EC50 of 61.88 μM and a CC50 over 400 μM.                                                                                                                                                                                                                        

  **Anti-cytokines and chemokines**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         

  TocilizumabSarilumabSiltuximab                                                   • Anti-IL-6 receptor is a human immunoglobulin G1 monoclonal antibody (mAb) that binds specifically to both soluble and membrane-bound interleukin-6 receptors (IL-6Rs)\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 ([@B37], [@B38])
                                                                                   • Blocks the interaction between the cytokine and its receptor, avoiding the amplification of inflammation associated with lung injury that leads to respiratory distress.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  **Supporting agents**                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  Azithromycin                                                                     • An antibiotic that can be used for different types of bacterial infections, such as respiratory and skin infections and sexually transmitted diseases. It has been proven to be active against the Zika and Ebola viruses and to prevent severe respiratory tract infections when used to treat patients suffering from viral infection. It has been used as an adjunctive therapy to provide antibacterial coverage and exerts potential immunomodulatory and anti-inflammatory effects in the treatment of some viral respiratory tract infections (e.g., influenza).\                                                                                                                                                               ([@B39], [@B40])
                                                                                   • Prevents the growth of bacteria by interfering with bacterial protein synthesis. It binds to the 50S subunit of the bacterial ribosome, thus inhibiting the translation of mRNA. In COVID-19 patients, Gautret et al. reported 100% viral clearance based on nasopharyngeal swabs in six patients who were co-treated with hydroxychloroquine and azithromycin. However, Molina et al. reported findings that contrasted with those reported by Gautret. Based on those results, the data presented to date are insufficient to evaluate the possible clinical benefits of azithromycin in patients with COVID-19                                                                                                                      

  Corticosteroids                                                                  • A potent anti-inflammatory and anti-fibrotic drug.\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    ([@B41])
                                                                                   • Low doses of methylprednisolone prevent extended cytokine release and may accelerate the resolution of pulmonary and systemic inflammation in pneumonia. Recently, many medical researchers have stated that corticosteroids may improve the dysregulated immune response caused by sepsis (a possible complication of infection with COVID-19) and increase the blood pressure when it is low. In a retrospective cohort study, 201 patients with confirmed COVID-19 who developed ARDS were treated with methylprednisolone (1--2 mg/kg daily via IV for 5--7 days), and the results showed that treatment with methylprednisolone may be beneficial for patients who develop ARDS in terms of the reduction of the risk of death.   
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Coagulation and Fibrinolysis in COVID-19 {#s4}
========================================

The host defense against viral infection activates the coagulation cascade to limit the spread of pathogens. During the first phase of infection, an adaptive haemostatic response occurs that is associated with the activation of a systemic inflammatory response, which is characterized by an increase in inflammatory activity and thrombin and fibrinogen generation. The increase in cytokine production during virus infection induces additional procoagulant effects, such as the expression of tissue factors that are major initiators of coagulation activation. Moreover, other factors, such as DAMPs and neutrophil extracellular traps, may also contribute to the procoagulant profile in COVID-19. During pulmonary infection, the measurement of coagulation and fibrinolysis factors in bronchoalveolar lavage fluid has demonstrated an increase in thrombin generation, an insufficient balance in physiologic anticoagulation, and the suppression of fibrinolysis, mediating the pathogenesis of respiratory distress. Endothelial injury of the pulmonary capillary is also caused by vascular endothelial damage. SARS-CoV-2 infects endothelial cells through the ACE2 receptor, and viral spread and rapid viral replication leads to massive endothelial cell apoptosis and inhibits the anticoagulant function of the vascular lumen. Moreover, endothelial dysfunction contributes to procoagulant changes in COVID-19 ([@B42]).

Platelets play a dual role; they contribute to haemostasis but also to inflammation and the host defense response, especially during lung infection. Recently, many cases of thrombocytopenia have been observed in COVID-19 patients, and the baseline platelet levels and changes were associated with subsequent mortality. However, the mechanism of SARS-CoV-2 involved in thrombocytopenia is not yet clear ([@B43]). One of the possibilities is that lung tissue injury could cause platelet activation and aggregation, and thrombi formation at the site of the injury may lead to the consumption of platelets and megakaryocytes. In addition, SARS-CoV-2 induces increases in D-dimer and fibrinogen and further increases the consumption of platelets in damaged lungs.

Potential Therapeutic Approaches {#s5}
================================

Monoclonal Antibodies Targeting SARS-CoV Entry
----------------------------------------------

The spike proteins of SARS-CoV-2 play a major role in the interaction between the virus and the ACE2 receptor expressed by the host cell. The binding of the spike protein to ACE2 leads to membrane fusion and the initiation of the viral life cycle. To inhibit SARS-CoV-2 binding to ACE2, several neutralizing monoclonal antibodies (MAbs) targeting the spike protein of SARS-CoV-2 have been developed. Among them, the 80R MAb binds to the S1 fragment of SARS-CoV at the conformational epitope (amino acid residues 426--492) and blocks the binding of the viral S1 subunit to the ACE2 receptor, thereby preventing the entry and spread of the virus ([@B44]). These findings have been demonstrated by *in vitro* and *in vivo* studies ([@B27], [@B45]). Other MAbs targeting different epitopes of the S1 subunit have also been developed and tested by *in vitro* and *in vivo* studies, such as CR3022, F26G18, F26G19, m396, 1A9, and CR3014 ([@B27]--[@B32]).

A recent study suggested the involvement of similar mechanisms of host entry in infection with SARS-CoV-2, and consequently, different studies are currently investigating single MAbs or combinations of different MAbs. Such antibodies recognize different epitopes on the SARS-CoV-2 surface, which should be assessed first by *in vitro* and *in vivo* (mouse) approaches prior to different clinical trials. However, several neutralizing MAbs also bind to IgG Fc receptors (FcγR). The antibody/FcγR interaction might lead to virus entry that could infect other cells expressing this receptor independently of the ACE2-specific virus receptor. Recently, it has been demonstrated that FcγRIIA plays a major role in viral entry via antibody-dependent enhancement (ADE) using *in vitro* strategies ([@B46]). However, the signaling pathway associated with the MAbs/virus/receptor interaction is not yet clear. ADE viral entry in the presence of neutralizing MAbs has been demonstrated for many viruses, especially for those expressing the coronavirus spike protein. Understanding the effect of this interaction on the activation of human cells expressing the Fc receptor and viral proliferation may help to establish new vaccination strategies in the future.

Treatment of Inflammatory Cytokine Storm
----------------------------------------

### MAbs Against the IL-6 Receptor

To explore the pathophysiological mechanisms and development of novel therapeutic approaches for sepsis, a recent study using caecal ligation and puncture (CLP) was performed in a septic mouse model. The mouse models demonstrated classical inflammatory symptoms associated with an increase in soluble triggering receptors expressed on immune cells, including interleukin (IL)-6, IL-10, TNF-α, macrophage inflammatory protein (MIP)-1α, MIP-1β, and MIP-2. These results were similar to those found in human patients with sepsis ([@B47]). IL-6 plays an important role in host defense during infections. However, exacerbation of IL-6 production favors acute severe systemic inflammation, which is named \'cytokine storm\' ([@B48]). During the COVID-19 pandemic, a recent study explored the levels of cytokines, including IL-6, and the T cell frequency in three groups of individuals: healthy individuals and patients with moderate and severe COVID-19 cases. The moderate cases presented an increase in IL-6 and a decrease in the total T lymphocyte frequency. However, the severe COVID-19 cases showed an increase in IL-6, IL-2R, IL-10, and TNFα secretion associated with a severe decrease in T cells, particularly CD4+ T cells ([@B49]). These results suggest that IL-6 plays a key role in the amplification of inflammation associated with lung injury, leading to respiratory distress ([@B37], [@B38]). Moreover, this antibody has been used in the treatment of rheumatoid arthritis and was approved by the FDA 10 years ago, and the side effects have been extensively studied ([@B50]). Taken together, these findings suggest that IL-6 or its receptor present a potent target of interest for the treatment of COVID-19-associated acute respiratory distress syndrome (ARDS). In this context, treatment of one case of COVID-19 associated with respiratory failure with an anti-interleukin-6 receptor inhibitor named tocilizumab resulted in favorable recovery ([@B51]). To explore whether tocilizumab can be used as a treatment for COVID-19, clinical trials with a large number of patients with the correct groups should be conducted robustly to prevent mortality. However, the optimal disease stage for the administration of tocilizumab must be defined carefully. Since it has been shown that IL-6 can either suppress or facilitate viral replication ([@B52]), one crucial issue to address will be the optimal timing of anti-IL6 administration. If it occurs too early, the drugs may affect viral clearance. If it occurs too late, the drugs may not be effective. The optimal timing of the administration of anti-IL-6 must be assessed in trials. Several randomized controlled trials of tocilizumab, sarilumab and siltuximab, either alone or in combination, are now being proposed in patients with severe COVID-19 and are underway mainly in China, Western Europe, USA, Russia, Malaysia, and Australia ([@B53]). Moreover, different clinical trials are under way to evaluate the safety and efficacy of IL-6 inhibitors with various protocols and comparators. The identifiers of the clinical trials are NCT04332913, NCT04335071, NCT04317092, NCT04324073, NCT04320615, NCT04306705, NCT04315298, NCT04315480, NCT04321993, NCT04348500, NCT04329650, NCT04330638, NCT04345289, NCT04327388, NCT04341870, and NCT04322773 ([ClinicalTrials.gov](https://ClinicalTrials.gov)).

### MAbs Against Chemokine Receptors

Several clinical trials are also ongoing to examine the effect of blocking other proinflammatory cytokines, such as TNF ([@B54]) and granulocyte--macrophage colony-stimulating factor (GM--CSF), with the clinical trial identifier NCT04341116. The aim of this study is to interfere with cytokine signaling, leading to decreased hyperinflammation in patients with severe COVID-19. Indeed, the most highly pathological macrophages are derived from the circulating monocytes infiltrating the lung. Moreover, CCR2 plays a central role in the recruitment and accumulation of monocytes in inflamed tissues ([@B55]). Altogether, these results suggest that CCR2 blockade could potentially help to reduce the accumulation of pathological monocytes in inflamed tissues. A new clinical trial (NCT04343651) targeting CCR5, another chemokine receptor that regulates monocyte and T cell recruitment, is ongoing in patients with COVID-19 with mild-to-moderate symptoms of respiratory illness.

Chloroquine
-----------

Chloroquine (CQ) or hydroxychloroquine (HCQ) (a more soluble and less toxic metabolite of CQ) are antimalarial products that have been tested in humans ([@B56]). CQ and HCQ are also used in the treatment of several autoimmune diseases, such as systemic lupus erythematosus and rheumatoid arthritis. Additionally, CQ inhibits autophagy, favoring the apoptosis of cancer cells ([@B57]).

Promising studies have demonstrated that the CQ/HCQ compounds have the ability to inhibit certain coronaviruses, such as SARS-CoV-1 ([@B58]). Additional *in vitro* studies have shown that CQ and HCQ have antiviral activity against SARS-CoV-2, with more side effects being observed for CQ than for HCQ ([@B58]). In contrast, others have demonstrated that HCQ has greater antiviral activity than CQ during SARS-CoV-2 infection ([@B18]). Basically, CQ or HCQ exert their effects on eukaryotic cells by increasing the vacuolar pH of organelles such as endosomes and lysosomes. The increase in pH neutralizes the acidic lysosomal pH, decreasing autophagosome-lysosome fusion and autophagic degradation ([@B59], [@B60]). Autophagosome-lysosome fusion is essential for virus/cell fusion and immune-modulating activity ([@B61]). CQ and HCQ can also modify the glycosylation of ACE2, which binds to the spike protein S of SARS-CoV. This may interfere with the virus-receptor interaction ([@B19]). Additionally, an *in vitro* approach demonstrated that CQ inhibits COVID-19 virus infection ([@B62]). Some studies have indicated that HCQ also reduces the levels of some proinflammatory cytokines, such as IL-6, IL-18, and TNF-α ([@B63]). Indeed, CQ and HCQ inhibit endosomal TLRs and have anti-inflammatory effects by inhibiting prostaglandin synthesis or lipid peroxidation ([@B64]).

Hence, it was suggested that CQ and HCQ represent a potential new drug treatment for COVID-19. However, there are some limitations in performing clinical trials in patients owing to the restrictions on research studies using cell culture or animals and side effects, such as cardiotoxicity and liver cytotoxicity, due to the half-life of these compounds of \~3.1 days ([@B65]). However, the risk of toxicity in patients treated for 10 years with HCQ for systemic lupus erythematosus was shown to be approximately 7.5% and to be higher in patients treated for longer periods ([@B66]). In COVID-19-associated acute infection, CQ and HCQ are used for a very short time (\~5 days). Nevertheless, acute adverse events, such as hypersensitivity and gastrointestinal intolerance, require attention, especially in critically ill patients who may develop similar clinical manifestations due to COVID-19. Additionally, CQ and HCQ can be safely used during pregnancy ([@B67]). Recently, a clinical trial with a small sample size showed that HCQ treatment is associated with a decrease in viral load in COVID-19 patients, and the effect is reinforced by azithromycin ([@B39]). Because of the low number of patients and the lack of some group controls during this recent study, new national and international clinical trials are being conducted to confirm the authenticity of these findings. A current clinical trial of CQ and HCQ therapy in the treatment of COVID-19 in Europe may reveal new possibilities for antiviral therapy for COVID-19 to stop the pandemic. Although the antiviral activity of hydroxychloroquine remains uncertain, there have been several controversies regarding the clinical benefits of this drug in patients with COVID-19. Recently, a new publication showed the beneficial effects of hydroxychloroquine or chloroquine when used alone or with a macrolide on in-hospital outcomes for COVID-19. Each of the drug regimens was associated with a decrease in in-hospital survival and an increased frequency of ventricular arrhythmias when used for the treatment of COVID-19. However, this study was retracted from the Lancet journal (<https://doi.org/10.1016/S0140-6736(20)31174-0>). In contrast, an approved study by the Ethics Committee of Shanghai Public Health Clinical Center under the number NCT04261517 demonstrated that the prognosis of COVID-19 patients with moderate cases is good. However, a large sample size study is needed to investigate the effects of HCQ in the treatment of COVID-19 ([@B68]). A new study is ongoing and can be found on [ClinicalTrials.gov](https://ClinicalTrials.gov) under the identifier NCT04303507 with the official title "Chloroquine/Hydroxychloroquine Prevention of Coronavirus Disease (COVID-19)." This study is a double-blinded, randomized, and placebo-controlled trial that will be conducted in a healthcare setting. A total of 40,000 participants will be recruited, and the investigators predict an average of 400--800 participants per site at 50--100 sites. However, the estimated completion date is April 2021.

Anticoagulant Treatments
------------------------

Since recent findings revealed that most COVID-19 patients with severe cases admitted to the intensive care unit for respiratory failure present predominantly with hypercoagulation, anticoagulant drugs could a potentially prevent a state that could lead to arterial and venous thromboembolic complications ([@B69]). Antithrombin and activated protein C for the treatment of classical acute respiratory distress syndrome can be used as anticoagulants for inflammatory thrombus prevention. Platelets may be involved in systemic and local thrombotic responses. Antiplatelet therapies may present a new therapeutic approach. This is a known phenomenon in acute coronary syndromes, where anticoagulant therapy along with antiplatelet therapy decreases arterial thrombosis, but it is associated with an increase in bleeding risk ([@B42]).

Therapies Targeting Viral Replication
-------------------------------------

Remdesivir is an antiviral molecule with a chemical formula of C27H35N6O8P. Remdesivir prevents viral replication by inhibiting viral DNA polymerase. Its antiviral activity has been demonstrated against Ebola virus in multiple human cell types, including primary macrophages and human endothelial cells, with low half-maximal effective concentration (EC~50~) values of 0.06--0.14 μM ([@B33]). It has also been shown that remdesivir inhibits SARS-CoV in primary human airway epithelial cell cultures, which are a biologically relevant *in vitro* model of pulmonary infection ([@B70]). Moreover, remdesivir has exhibited antiviral activity against the Marburg virus ([@B33]). SARS-CoV and SARS-CoV-2 present 82% RNA sequence homology, and their RNA-dependent RNA polymerase (RdRp) sequences share 96% sequence similarity. Therefore, drugs targeting the viral RdRp proteins of SARS-CoV are also suspected to be effective against SARS-CoV-2. According to the *in vitro* antiviral activity of remdesivir, the *in vivo* tests showed the suppression of Ebola virus replication and the protection of all infected animals against lethal infection ([@B33]). In addition, remdesivir decreased the viral load in the lungs and preserved the pulmonary function of mice during SARS-CoV infection ([@B70]). These findings suggest that remdesivir can be used as a potential new therapeutic approach for human infections caused by coronaviruses, including SARS-CoV-2. In fact, the first case of COVID-19 in Washington, USA, was treated with intravenous remdesivir. During the treatment, no obvious adverse effects were observed ([@B71]). However, we cannot comment yet on the efficiency of the treatment effect of remdesivir during the COVID-19 outbreak.

There are four clinical trials currently enrolling patients in the United States. Moreover, two clinical trials in China have been registered on [ClinicalTrials.gov](https://ClinicalTrials.gov): NCT04257656 for severe disease and NCT04252664 for mild-to-moderate disease ([@B72]). Recently, Yeming et al. published the results of the NCT04257656 clinical trial, which showed no clear outcome because of the death or discharge of patients ([@B73]). Moreover, in another clinical trial, the benefit in terms of the time to clinical improvement was not statistically significant (21 vs. 23 days), even though the study was underpowered ([@B74]). There are limited safety data for remdesivir, which should be obtained in further studies.

Therapies Targeting Viral Transcription
---------------------------------------

Ribavirin is a broad-spectrum nucleoside antiviral drug that is phosphorylated in virus-infected cells. Basically, the entry of the product into virus-infected cells leads to its phosphorylation. This product acts as a competitive inhibitor of the viral synthetase, interfering with early viral transcription events and thereby hindering the synthesis of ribonucleoproteins and subsequent viral spread. Several controversial *in vitro* studies investigating ribavirin have been conducted. While a few of them have demonstrated that ribavirin has an antiviral effect on SARS, others have revealed no evidence of its antiviral role ([@B75], [@B76]). Additionally, a clinical trial reported no significant antiviral effects on SARS-infected patients ([@B77]). In fact, the same study reported side effects, such as haemolytic anemia, resulting from the clinical administration of ribavirin ([@B77]). During the COVID-19 pandemic, ribavirin combined with interferon was used based on the Chinese treatment guidelines.

BCG Vaccine
-----------

The Bacillus Calmette-Guerin (BCG) vaccine against tuberculosis has been demonstrated to reduce mortality during other infections. The protective mechanism involved in tuberculosis infection has been explored *in vivo*. It was demonstrated that BCG vaccination increased IFN-γ production by CD4+ cells ([@B78]). T cells play a crucial role in viral infections; CD4 T cells provide B cell help for antibody production and control the response of other immune cell subsets, whereas CD8 T cells kill infected cells to reduce the viral burden. To better understand the role of T cell responses in SARS-CoV-2 infection, some studies are beginning to be conducted. During SARS-CoV-1 infection, the occurrence of lymphopenia with drastically reduced numbers of both CD4 and CD8 T cells in moderate and severe COVID-19 cases has been described in several current reports ([@B79]). Th1 and Th17 cells play a crucial role in the induction of CD4+ and CD8+ memory cells that are involved in the control of the immune system response during non-mycobacterial secondary infections. Interestingly, BCG vaccination continued to increase Th1 and Th17 responses at least 1 year after vaccination in healthy subjects ([@B80]). COVID-19 infection severity is associated with a sharp decrease in the frequency of CD4+ and CD8+ cells and the expression of INF-γ on the surface of CD4+ cells ([@B78]). The nonspecific effects of the BCG vaccine present a potential therapeutic method to increase memory responses and enhance the immune system during viral infections that might aid in combating the COVID-19 pandemic.

Discussion {#s6}
==========

Improved understanding of the viral entry mechanisms and the inflammatory response generated during infection would allow the development of appropriate therapeutic strategies to manage patients with COVID-19. The different therapeutic strategies ([Table 1](#T1){ref-type="table"}) discussed in this review are encouraging and have been proposed to treat or prevent the spread of COVID-19. In addition, most of the described compounds are readily available, and they are known to result in a minor risk of adverse events. Several clinical trials are in process to validate the results. However, these strategies are not without risks, and special attention to factors such as age, sex, and associations with other chronic diseases must be considered during patient selection. Non-specific proinflammatory cytokine targeting during COVID-19 treatment using corticoids, e.g., may favor viral spread. However, targeting specific individual cytokines does not increase viral infection and prevents cytokine storm inflammation-mediated tissue injury, notably in the lung. Since observations have indicated that there are two stages of disease, the first of which is characterized by virus spread and the second by the hyperproinflammatory response responsible for respiratory distress, the timing of the initiation of therapy needs to be carefully defined.

In this review, we also mentioned that virus-neutralizing MAbs represent a therapeutic method with a high potential to prevent viral spread. However, the use of immunoglobulin class G (IgG) MAbs may contribute to an ADE mechanism favoring the spread of the virus during treatment. In parallel, these antibodies can also induce anaphylactic shock that is mediated by the FcγR receptor; FcγRIIA is expressed by neutrophils and platelets, in particular ([@B81]). These side effects remain poorly studied. The development of IgG4 or F(ab)′~2~ antibodies to neutralize the virus or to target proinflammatory antibodies that cannot interact with FcγR may prevent this risk.

Finally, the treatment duration should be well-defined in terms of the half-life of molecules to prevent liver toxicity and the immunosuppressive effect.

Thus, the use of monotherapy or combinatorial therapeutic strategies during different stages of COVID-19 infection represent a potential therapeutic strategy to stop the ongoing pandemic.
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